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Abstract 
Exogenous disturbances change plant communities and sometimes the spontaneous vegetation that colonizes heavily disturbed 
areas remains very different even in the very long-term. To speed up a steppe plant succession, two experiments were conducted 
with or without the restoration of traditional sheep grazing: (1) hay transfer and (2) sowing of indigenous structuring species. Hay 
transfer significantly increases plant species richness and changes floristic composition reintroducing characteristic steppe 
species but fails to reintroduce perennials structuring the reference plant community. The second protocol enables to reintroduce 
these perennial species with the objective to improve changes in the plant community composition and structure. 
Keywords: ecological processes; ecological restoration; Mediterranean ecosystem; perturbation; plant communities; sheep grazing; sowing native 
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1. Introduction 
As a lot of European dry grasslands or steppe ecosystems, the French Mediterranean steppe of La Crau has been 
damaged and fragmented by industrialization, agricultural intensification and changes in land used in the last 
centuries. Despite its protection status as a Natural Reserve, over 50 hectares out of 9.500 hectares of steppe were 
destroyed in the past five years. Destructions of soils and/or the herbaceous plant community have detrimental 
impacts on the biodiversity of this unique ecosystem [1,2,3]. 
The steppe of La Crau is the result of a combination of a Mediterranean dry climate, particular soil conditions 
and a traditional extensive sheep grazing for thousands of years. This partly explains why, the composition of the 
herbaceous community on disturbed areas is still different from that of adjacent steppe thirty years after the 
cessation of exogenous disturbances and after the restoration of traditional grazing systems; most of the 
characteristic steppe species have not recolonized these areas yet [1,2]. 
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Grazing restoration is an important factor for this ecosystem which has been shaped by migrant sheep flocks for 
5,000 years [4]. Grazing usually increases species richness, ameliorates plant recruitment [5] and enhances the 
ability of species to reproduce and set seeds [6], but is not sufficient enough to restore degraded grasslands when a 
threshold of irreversibility has been passed. Other abiotic factors, such as climate, physical-chemical soil properties, 
landscape structure and biotic factors are responsible for community assembly [7]. Key factors of plant species 
establishment are seed production (period, quantity), seed dispersion (type, distance), survival of seedlings and plant 
species [8]. Species-rich vegetation establishment is often inhibited because there are few colonization sources and 
because many perennial grassland species have low dispersal capacity [9]. Establishment of stress tolerant species 
characterizing the steppe is limited; their seed bank is transient or of short-term persistence and cannot survive long 
periods of intensive disturbance [1,2]. Moreover, the seed bank of disturbed steppe areas contains a high density of 
weed species characterized by rapid growth and abundant seed production which affects steppe species 
establishment [10] by competition for resources and space. 
 
Reintroduction of local species is often used to recreate herbaceous plant communities and to control weed 
species. Common methods include transferring soil seed banks, direct sowing with seed mixtures, transferring 
propagules contained in hay, transplanting seedlings or pieces of grasslands including the upper-layer of the soil 
(sod cutting) [11]. 
 
In 2006, the building of two underground pipelines has destroyed 23 hectares of the Natural Reserve. A part of 
the mitigation measures was to find some ways to restore the steppe herbaceous community. Two protocols, never 
previously tested on a steppe, were chosen and adapted to this particular ecosystem: 1) hay transfer and 2) sowing of 
indigenous structuring species. 
 
1) Hay transfer is an ancient agricultural technique focused on reintroducing characteristic species of a target 
community [12]. Hay contains a significant amount of viable seeds which improve species reestablishment [7] and 
allows the restored area to conserve its regional biodiversity and genetic integrity. This method is used in ecological 
restoration in most herbaceous ecosystems (wet and flood meadows, fen, calcareous, chalk or magnesian limestone 
grasslands, etc.) but it was never tested for steppe or semi-arid vegetation. 
 
2) Sowing indigenous herbaceous species seems to be the best option to control weeds [13]. This technique 
should facilitate the recruitment of steppe species and could accelerate plant succession [14] which is essential in 
ecosystem restoration [15]. Furthermore, this technique is more sustainable compared to the financial and energetic 
cost of other restoration techniques. The tested seed mixture was composed of three native steppe species, two 
perennials which are the structuring species of the reference steppe ecosystem (Brachypodium retusum and Thymus 
vulgaris) and one annual (Trifolium subterraneum) which is well known for its ability to quickly cover bare soils. 
2. Hay transfer 
2.1. Hay transfer methods 
Hay was manually mowed with a scythe and collected by a hand vacuum equipment to suck up leaves during 
three consecutive days at the beginning of July 2006, when the production of seeds is at a maximum on the donor 
site. This harvesting technique is adapted to environmental conditions (high stone cover prevents mechanical 
mowing) and preserves arthropod activities. The donor site is a steppe area located less than 5.5 km from the 
experimental site. It is an exclosure of 3 ha which has not been grazed for five years, and on which species 
composition and species-richness have remained unchanged compared to the original steppe. The exclosure enables 
to harvest more seeds, because inflorescences of steppe plants are eaten by sheep. 
 
Hay was stored dry during four months and was transferred in November just after the first autumn rains on three 
replicate sites. Each replicate was composed of one area of steppe used as a control and one area altered by the 
building of a pipeline. Four experimental units were set up at each site and in each area, each were separated by 30 
meters. Each unit was composed of two plots: one exclosure and one grazed plot, each measuring 1.5 m x 3 m. Each 
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plot was divided into two 1.5 m x 1.5 m subplots: in one subplot 112 g of hay was transferred at the center on a 40 
cm x 40 cm quadrat and the other subplot was a control where no treatment was applied. To improve germination 
conditions, before the dispersion of hay, soil was lightly harrowed in order to air it and allow better seed adherence. 
Quadrats were watered before and after transfer. During the first five months, a wire netting was applied on hay 
dispersed to reduce the loss of hay due to wind. Vegetation surveys were carried out during three years in May 
(2007, 2008, 2009) when a maximum of species can be identified. 
2.2. Short-term results of hay transfer 
Hay transfer is a partially successful fast restoration method for steppe ecosystem. On the disturbed area where 
hay was applied, species richness quickly increased and kept increasing throughout the three years to reach a species 
richness similar to that of the steppe in the third year (2009) (Fig. 1). The first year, the experimental device to 
reduce hay loss by wind prevented germination of small heliophilous species which explains the significant lower 
species richness on control steppe with hay the first year (2007). Nevertheless, this negative effect caused by this 
device disappeared in subsequent years (2008-2009) after its removal. 
 
 
Fig. 1. Means of plant species richness of the different treatments in 2007, 2008, 2009.  
ANOVA results of 2009 only are shown. Error bars show SE 
 
 
Extensive grazing is appropriate in ecological restoration operations; livestock grazing has a considerable impact 
on community structure and floristic composition [16]. In our study, grazing did not have any significant impact on 
species assembly/composition in the first three years (Fig. 2) but increased significantly species richness on restored 
areas two years after the start of the study (Fig. 1). It is well-known now that sheep grazing limits competition, 
creates gaps improving steppe species establishment, increases the clonal reproduction of grasses and disseminates 
plant species. 
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This method also enables the transfer of more typical steppe species (Fig. 2) than with natural dispersion 
processes by wind or animals (sheep, ants, rabbits, wild boars, etc.). Throughout the three years, three different 
floristic compositions were discriminated: 1) steppe, 2) disturbed area and 3) disturbed area where hay was applied 
(Fig. 2). Steppe vegetation is composed of more than 50% of annual species and some perennial species, such as B.
retusum and T. vulgaris which were identified as target species for ecological restoration because they are the 
structuring species of this ecosystem. The floristic composition of restored areas is almost similar to steppe 
composition with the presence of annual steppe species like Linum strictum, perennial steppe species, such as Stipa 
capillata or T. vulgaris and a lot of grasses like Psilurus incurvus, Bromus madritensis, Avena sterilis. Nevertheless, 
the success of this experiment was not complete because B. retusum has a low production of viable seeds and was 
therefore not reintroduced. The floristic composition of restored areas is also still different from the steppe floristic 
composition in 2009 especially because there are still some weed species which characterized heavily disturbed 
areas e.g. Diplotaxis tenuifolia, Lobularia maritima or Conyza bonariensis. 
Fig. 2. Correspondence analysis on the vegetation matrix at the three sites in 2007, 2008 and 2009  
(288 points x 149 species) on the hay transfer experiment 
 
Hay transfer seems to be a very efficient method to overcome the dispersal limitation of plant species of target 
communities and to reduce competition by weeds during the initial restoration phase in relation with the ability of 
hay to reduce bare soil surface available for weed seedlings [17]. These results are very promising and support the 
use of hay transfer on a larger scale in the Mediterranean areas. 
3. Sowing three indigenous structuring species 
3.1. A simple garden method 
Sowing of native species is a method known to be useful to reestablish indigenous vegetation. Nevertheless, this 
method can be detrimental to biodiversity because it is not easy to find a native seed mixtures and to conserve the 
genetic integrity of wild populations. Even when seed mixtures are carefully selected, a diverse plant community is 
not guaranteed to establish. Moreover it is risky: seeds can be predated, dried or blown by wind. To reduce seed 
loss, we used an agricultural technique. Species were sown mechanically on a former steppe close to the Natural 
Reserve on a calm cloudy day in December 2007 after the first autumnal rains. This former steppe was cultivated 
during 30 years and grazed by sheep. The experiment was set up on twelve plots of 50 x 25 meters separated by 30 
meters. Plots were lightly ploughed with a chisel. Each plot was split in two sub-plots of 50 x 12.5 meters. One half 
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was sown using a mechanical seed drill and the other half was left as a control. The native steppe species chosen to 
be sown were: B. retusum (47 kg/ha), T. vulgaris (4kg/ha) and T. subterraneum (13 kg/ha). B. retusum and T. 
vulgaris are two perennial typical steppe species which represent 50% of the total herbaceous biomass of the 
reference steppe vegetation [2,3]. T. subterraneum is an annual species chosen for its ability to cover soil and 
because it is a nitrogen fixer. To reduce seed predation by birds and increase seed adhesion to soil, a tractor with a 
roller was driven on the plots just after sowing. Six plots (50 x 25m) were randomly chosen and protected of sheep 
grazing by electrified exclosures. Floristic inventories were carried out in May 2008 and May 2009 and sowing 
success was evaluated in March 2009 and March 2010. 
3.2. Impact of sowing mixing species on plant community  
Sowing of the selected native seed mixture can be considered as a success. Sowing reintroduces 1) typical 
structuring steppe species and 2) has a positive effect on the desired plant community (decrease of weed species, 
increase of steppe species). 
For the first time in steppe restoration, reintroduction at a large scale of B. retusum is a success for all treatments 
(Fig. 3), but the establishment of this species reacts differently between years and grazing effect. The first year 
(2009), grazing had a positive effect on B. retusum establishment with the highest percent cover of all sown areas 
(cover: 3%) in comparison with exclosures (cover: 1%). This species was less grazed than T. subterraneum because 
the latter is more palatable and represents 16% of the herbaceous cover. The second year (2010), opposites results 
were obtained. During the winter 2010, B. retusum reproduced better asexually in the exclosure (cover: 8%) to cover 
twice more area than on grazed plots (cover: 3%). These results confirm that B. retusum is a promising species for 
restoration [18]. The density of seeds (around 50 kg/ha) seems to be an appropriate density promoting the 
establishment of enough individuals and it will be a key factor for the recruitment of species characteristics of the 
steppe vegetation. Seedling aggregation can facilitate establishment and recruitment of steppe species by 
determining the competitive hierarchy of a plant community. It allows weed species exclusion (like Polygonum 
aviculare) in the first colonization stages, which are responsible for slowing down plant succession toward the 
desired ecosystem (Fig. 4). Previous studies [19] have already shown that the combination of several species allows 
better results on competitive exclusion of weed species. Hence, it is important to mix B. retusum with T. 
subterraneum and T. vulgaris which also established well. Two years after sowing, T. vulgaris cover is 1% which 
can be considered low but it is a good result for the low density sown (4kg/ha).T. subterraneum, which is an annual 
species, was reproduced the first year and has given some viable seeds that have colonized more than ten percent of 
the sown area in 2010. Competitive exclusion is the first stage in restoration to accelerate plant succession. In our 
case, weed species, like P. aviculare, disappear and/or their biomass decreases, in particular that of Bromus rubens, 
Bromus madritensis and Hirschfeldia incana. 
Fig. 3. Anova performed on percent cover of B. retusum means of the different treatments 
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Total species richness and floristic composition (Fig. 4) changed during both years of the experiment. Sown plots 
resulted in the establishment of a plant community significantly different to the one which developed on the 
spontaneous regeneration plots without any restoration treatments. As for the pipeline area, the former field is 
mainly characterized by a weedy plant community. The different restoration treatments resulted in changes in 
floristic composition. First, the destruction of the abandoned field plant community with a chisel allowed the 
removing of most of the weed species. Second, sown steppe species decreased weed establishment by filling up 
available niches, which can explain the various plant assembly obtained with the various treatments (Fig. 4). 
 
 
Fig. 4. Correspondence analysis on the vegetation matrix in 2008 and 2009 on the sowing experiment 
 
Sown areas were characterized by the spontaneous presence of a lot of Poaceae species (Lolium perenne, 
Catapodium rigidum, Bromus hordeaceus or Taeniatherum capu-medusae) compared to other treatments. Most of 
these species can be found in the steppe vegetation but their natural distribution is not limited to this ecosystem. 
Asexual reproduction of Poaceae is promoted by grazing. This factor can also explain the changes in species 
composition. But since the above cited species are not characteristic of the steppe plant community, this factor needs 
to be monitored for a longer time to evaluate its long-term effect on the successional trajectory. Conclusion: two 
complementary restoration methods. 
Hay transfer and sowing structuring species can be used to restore Mediterranean steppe ecosystems that have 
diaspore availability limitations. These two methods have reintroduced some species (Poaceae) characteristics of the 
steppe community. Nevertheless, they have not the same effects on plant communities, as they proceeded differently 
and failed to reintroduce all steppe species. As a consequence, the joint use of the two methods should be even more 
successful because hay transfer allowed (i) the transfer of a large pool of annual steppe species including Poaceae 
(91% transferred) and forbs species (62% transferred) in a short time (three years) and (ii) the exclusion of weed 
species. Some typical perennial steppe species, such as B. retusum, were not reintroduced but sowing its seeds is 
efficient to change plant composition and species richness toward the desired successional trajectory. Nevertheless, 
these results have been obtained in a very short period and monitoring must be continued to confirm or not these 
changes. 
In both case, sheep grazing is not just a socio-economical element in this landscape, it also plays a key factor in 
plant community assembly. Grazing has a major effect on species establishment, floristic composition and/or plant 
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species richness. Grazing reduces species competitiveness and increases clonal production of Poaceae; it is therefore 
essential in the restoration of such an herbaceous plant community dominated by Poaceae.  
A part of the success of these methods lie in the timing for hay transfer and sowing: for the Mediterranean area, it 
has to be done in autumn before weed seedlings emerge, when the soil is moist and when rain fall is expected in 
subsequent days. 
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